Background--Adherence to medication has been repeatedly proposed to represent a major cause of treatment-resistant hypertension (TRH); however, treatment decisions such as treating TRH with renal denervation depend on accurate judgment of adherence. We carefully analyzed adherence rates to medication before and after renal denervation and its effect on blood pressure (BP) control.
A dherence to (or compliance with) an antihypertensive drug regimen is generally defined as the extent to which hypertensive patients take the medication as described by their individual physicians. It is well accepted that nonadherence to pharmacological therapy is the pivotal challenge of successful blood pressure (BP) control because antihypertensive therapy implies, in most cases, a lifelong treatment. [1] [2] [3] [4] Several outcome research studies found that nonadherence to antihypertensive agents significantly increased cardiac and cerebrovascular risk. [5] [6] [7] Furthermore, the choice of prescribed drug class affects adherence rates of antihypertensive therapies. 8, 9 In patients with treatment-resistant hypertension (TRH), who are treated on average with 5 to 6 antihypertensive agents, fixed-dose combinations mitigate the problem of taking multiple pills per day, but in addition to the antihypertensive agents, these comorbid patients generally require additional cardioprotective drugs (eg, statins, antidiabetic agents). 1, 10 Recommendations for the management of TRH emphasize the importance of judging the adherence behavior of each patient. 10 The prevalence of nonadherence differs widely because of the inconsistency of study designs and the lack of objective measures to determine nonadherence to treatment.
In clinical trials in which adherence is assessed by pillcounting adherence rates ≥80% are accepted as complete adherence to medication. 1, 11 Electronic methods of adherence monitoring (ie, computerized records of pharmacy prescription or electronic monitoring of pill box opening) may be considered reliable alternatives, but it remains subject to the patient's behavior whether the removed pills are indeed ingested. 1, 12, 13 Recently, toxicological urine analysis of the compounds or their metabolites has gained increasing interest. [14] [15] [16] [17] These biochemical analyses represent spot assessments of adherence but are subject to the "white coat adherence" effect. 18, 19 The term white coat adherence describes that patients improve their medication-taking behavior 5 days prior to and, in particular, on the appointment day with their physicians. 1, 13 Triggered by 2 recent publications on nonadherence to antihypertensive treatment, as assessed by toxicological analysis, 14, 15 we analyzed adherence rates in patients with TRH at baseline and at 6 months after renal denervation. The study included only those patients who successfully completed their 6-month follow-up period. 20 , 21 We report adherence rates at baseline and at 6 months after renal denervation and the relationship of adherence level with the corresponding BP measurements in 79 patients with resistant hypertension.
Methods Study Cohort and Design
The study population consisted of patients with TRH who were included in studies analyzing the effects of renal denervation on office BP, 24-hour ambulatory blood pressure (ABP), central hemodynamics, albuminuria, and renal function. 20, 21 The studies were registered at the US National Institutes of Health ClinicalTrials.gov website (NCT00888433, NCT01442883, and NCT01687725). These investigatorinitiated prospective clinical trials were initiated in June 2009, September 2011, and September 2012, respectively, and results were published recently. [20] [21] [22] [23] In July 13, 2013, we submitted an amendment to our local ethics committee to have all patients retrospectively consent in written form for the measurement of their prescribed antihypertensive drugs or their corresponding metabolites from urine samples that were stored at their baseline and 6-month follow-up visits. When the study proposal was approved on August 23, 2013, we could identify 80 patients with TRH who were included in 1 of the trials (NCT00888433, NCT01442883, and NCT01687725), and all patients had already completed 6-month follow-up. Informed consent was obtained from 79 of 80 patients; 1 patient could not be contacted because she had moved to Bosnia. In all 79 patients, TRH was defined as office BP ≥140/ 90 mm Hg despite being treated with at least 3 antihypertensive drugs including a diuretic. 10 All were on a stable drug regimen for at least 1 month prior to the baseline examination. In every patient, true resistant hypertension was confirmed by initial 24-hour ABP monitoring (≥130/ 80 mm Hg), thereby excluding the white coat effect. 24 
Central Hemodynamics
Radial artery waveforms were sampled using a noninvasive technique, calibrated to the measured average brachial BP, using the Sphygmocor System (Atcor Medical, Sydney, Australia), as described previously. 27 Corresponding central (aortic) waveforms were automatically generated from the arterial waveform by built-in validated transfer function. Values were computed for central systolic BP, central diastolic BP, and central pulse pressure; in addition, augmentation index and pressure were derived. At least duplicate recordings were assessed, and all were of high quality, defined as a quality index >80% (based on an in-device algorithm).
Measurement of Albuminuria and Renal Function
Urinary albumin/creatinine ratio was determined from early morning single-spot urine by measuring urinary albumin and creatinine concentration (university hospital central laboratory). 20 Estimated glomerular filtration rate was calculated according to the Chronic Kidney Disease Epidemiology Collaboration equation. 28 
Catheter-Based Renal Denervation
To have access for the renal denervation catheter, the femoral artery was punctured with standard endovascular technique. A radiofrequency catheter (Symplicity Flex RDN System; Medtronic Inc) was used to apply at least 4 radiofrequency ablations (energy delivery for 120 seconds each, controlled and regulated by radiofrequency generator) longitudinally and rotationally within the lengths of each renal artery to cover a full 4-quadrant ablation. The radiofrequency catheter was advanced in each renal artery under the control of angiographic images. Patients received 5000 IU of heparin, and visceral pain during the procedure was managed with anxiolytics and narcotics.
Urinary Toxicological Analysis
From the urine samples collected at baseline and 6-month follow-up visits, toxicological urine analysis were performed by high-performance liquid chromatography-mass spectrometry (LC-MS/MS). In brief, 50 lL of internal standard (methadone-d 9 0.1 ng/lL in acetonitrile) and 1 mL of ethylacetate were added to the urine samples (0.2 mL), followed by centrifugation for 10 minutes at 16 000g. (1) 0.01% formic acid containing 5 mmol/L ammonium format and (2) acetonitrile containing 0.1% formic acid. The elution program increased from 5% to 95% acetonitrile containing 0.1% formic acid over 4 minutes, followed by 2 minutes at 95% acetonitrile containing 0.1% formic acid and 1.2 minutes of reequilibration at 5% at a flow rate of 0.5 mL/min. Electrospray interface parameters were gas flow 11 L/min (300°C), nebulizer 45 psi, sheath gas flow 12 L/min (400°C), and capillary voltage 3500 V. For hydrochlorothiazide, furosemide, and xipamide, negative electrospray interface mode was used; all other compounds were analyzed in positive electrospray interface mode.
The MS/MS was operated in dynamic multiple reaction monitoring mode with at least 2 transitions recorded for each of the following targeted analytes: alisikiren, amiloride, amlodipine, benazepril, benazeprilat, bisoprolol, candesartan, canrenone, carvedilol, chlorthalidone, clonidine, diltiazem, doxazosin, enalapril, enalaprilat, felodipine, furosemide, hydrochlorothiazide, irbesartan, lercanidipine, lisinopril, losartan, metoprolol, minoxidil, moxonidine, nebivolol, nifedipine, nitrendipine, olmesartan, perindopril, piretanide, prazosin, ramipril, ramiprilat, spironolactone, telmisartan, torasemide, triamterene, urapidil, valsartan, and verapamil. Data evaluation was performed using the Agilent MassHunter software (B 06.01). Identification was achieved based on comparison with the results from analysis of a blank urine and a urine extract containing reference substance of all target compounds in low concentrations. A deviation of AE0.1 minute of the expected retention time and a quantifier/qualifier ratio AE20% of the expected ratio were required.
Statistical Analysis
All statistical analyses were performed using IBM SPSS statistics for Windows, version 20.0 (IBM Corp). Normal distribution of data was confirmed by the KolmogorovSmirnov test before further analyses. Normally distributed data are expressed as meanAESD in the text and as meanAESEM in figures. Adherence data were categorized as complete adherence, indicating that all prescribed antihypertensive drugs were detected; partial adherence, indicating that, at maximum, 1 of the prescribed drugs was missing; and nonadherence, indicating that ≥2 of the prescribed drugs were not found in the toxicological analysis ("numeric adherence"). In a second set of analyses, we defined adherence as detection of ≥80% of the detectable drugs and nonadherence as detection of <80% measured in the urine analysis. These criteria are established for the judgment of adherence in pharmacological studies. 1, 11 Nonnormally distributed data are presented as median and interquartile range.
Original data were analyzed by paired and unpaired Student t tests to compare before versus after and between-groups adherence, respectively, if normally distributed and by Wilcoxon and Mann-Whitney U test if not normally distributed. The McNemar-Bowker test was applied to test the change in adherence rates before versus 6 months after renal denervation. A 2-sided P value of <0.05 was considered statistically significant.
Results

Rates of Adherence to Antihypertensive Medication
The clinical characteristics of the study cohort are listed in Table 1 . At 6 months after renal denervation, office systolic and diastolic BP decreased by 13AE22 and 7AE12 mm Hg, respectively (both P<0.001) and 24-hour systolic and diastolic ABP decreased by 8AE16 and 5AE10 mm Hg, respectively (both P<0.001). Urinary albumin excretion tended to decrease after 6 months (P=0.097). The number of antihypertensive medications prescribed decreased significantly (P=0.042), but the number of detectable compounds remained unchanged (5 on average) ( Table 1) .
At baseline, complete adherence was found in 44 (56%) patients, partial adherence was found in 22 (28%), and nonadherence was found in 13 (16%). The respective numbers at the 6-month follow-up visit were 52 (66%) patients with complete adherence, 17 (22%) with partial adherence, and . ACEi indicates angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; Central, Central sympatholytic agent; CCB, calcium channel blocker. baseline and in 1 patient at follow-up, none of the prescribed drugs could be detected. Nonadherence appeared to be similar among antihypertensive drug classes at baseline (Figure 1) . In analyzing changes in adherence between baseline and 6-month visits, no significant change in adherence to antihypertensive medication was noted (McNemarBowker test, P=0.362) (Figure 2A through 2C) ; for example, of the 13 patients with TRH that were nonadherent at baseline, 3 patients became completely adherent and 4 became partially adherent.
In applying the criterion of whether 80% of the detectable medication was detected, adherence was found in 59 of 79 (74.7%) patients with TRH at baseline and in 61 of 79 (77.2%) at 6-month follow-up. Figure 3A shows the distribution of percentage of adherence at baseline and after 6 months. The shift analysis revealed again that adherence remained the same in 53 of the 59 patients with TRH that were adherent at baseline and in 12 of the 20 patients that were nonadherent (full details in Figure 3B ). Again, adherence rates did not change significantly (McNemar-Bowker test, P=0.791).
Adherence and BP
At baseline, office BP was not significantly different between the patients categorized according to adherence level ( Figure 4A ), but 24-hour ABP was higher in nonadherent patients (P=0.317 for office BP and P=0.049 for ABP) ( Figure 4C ). Using the criteria of whether <80% and ≥80% of the medication was detected ( Figure 4B and 4D) , office BP and 24-hour ABP tended to be higher in nonadherent patients (P=0.068 for office BP, P=0.099 for ABP).
We could not detect a clear relationship between the change of adherence level and BP changes ( Figure 5A and 5B): The decrease in systolic office BP (and 24-hour ABP) was not different in those who were completely or partially adherent at baseline and 6-month follow-up (stable adherence: À11AE23 mm Hg for office BP, À8AE17 mm Hg for ABP) compared with those who had an increased adherence level (À16AE24 mm Hg for office BP, À10AE13 mm Hg for ABP) and a decreased adherence level (À10AE19 mm Hg for office BP, À7AE14 mm Hg for ABP) (P=0.683 for office BP, P=0.869 for ABP). Changes in diastolic office BP and 24-hour ABP also were not related to adherence level (data not shown). In analyzing the patient groups with increased versus decreased adherence, the decrease in office systolic BP (À16AE24 versus À10AE19 mm Hg, P=0.767) and 24-hour ABP (À10AE13 versus À7AE14 mm Hg, P=0.891) was not significantly different.
Likewise, using the criteria for whether ≥80% and <80% of the medication was detected ( Figure 6A and 6B), the reduction in systolic office BP (and 24-hour ABP) was not different in those who were adherent at baseline and at 6-month follow-up (n=53: À10AE22 mm Hg for office BP, À7AE16 mm Hg for ABP) compared with those who had increased adherence (n=8: À31AE23 mm Hg for office BP, À13AE16 mm Hg for ABP) and decreased adherence (n=6: À17AE15 mm Hg for office BP, À13AE15 mm Hg for ABP) (P=0.101 for office BP, P=0.680 for ABP). Changes in diastolic office BP and 24-hour ABP also were not related to adherence level (data not given). In analyzing the patient groups with increased versus decreased adherence, the decrease in office systolic BP (À31AE23 versus À17AE15 mm Hg, P=0.487) and 24-hour ABP (À13AE15 versus À13AE15 mm Hg, P=0.998) was not significantly different. 
Adherence and Other Outcome Measurements
Patients with TRH categorized by adherence did not show any meaningful difference in albuminuria (Table 3) , regardless of the definition of adherence. In analyzing the relationship of adherence with central hemodynamic parameters, central systolic pressure was greater in patients with nonadherence, regardless of the definition of adherence. Consistently, augmentation index was greater in patients with adherence <80% intake of medication.
Discussion
In clinical practice, nonadherence is considered an important cause of uncontrolled hypertension, remains largely unrecognized, and is falsely interpreted as treatment resistance because it is difficult to diagnose or to exclude nonadherence objectively. In the current study, toxicological urine screening was applied as an objective measure to determine antihypertensive drug intake in patients with true resistant hypertension that underwent renal denervation. At baseline, adherence to all antihypertensive medications was found in 56% of the patients, and another 28% of patients were adherent with the exception of 1 antihypertensive drug. Thus, surprisingly at least 4 of 5 antihypertensive medications were detected in 84% of the study population. In contrast, ≥2 antihypertensive agents were missing in 16% of our patients, and none of the medication was detected in 3 of 79 patients (4%). Similar adherence rates were observed at the 6-month follow-up visit after catheterbased renal denervation. The described rates of adherence and nonadherence depend on the definition applied to the study population.
Complete adherence has been found to range from 34% to 81%, and total nonadherence ranges from 9% to 35%. [14] [15] [16] [17] In all of these studies carried out in TRH or hypertensive patients with insufficient BP control, LC-MS/MS was used to measure the drug levels, allowing a comparison of adherence rates. The definition of partial nonadherence, however, varies widely from "at least one or more substances missing" to "fewer than prescribed" or is not described in detail at all. [14] [15] [16] [17] In our study, we used only 1 antihypertensive substances missing for the definition of partial adherence. It might be argued whether missing the intake of 1 antihypertensive drug (in the face of 5.7 prescribed and 5.0 detectable drugs) is clinically relevant. In terms of achieved BP, we could not observe any significant or clinically meaningful difference in office BP and 24-hour ABP between patients with complete adherence (all drugs detected) and partial adherence (only 1 drug missing). In contrast, nonadherence (defined in our trial by missing ≥2 antihypertensive compounds) was related to higher office BP and 24-hour systolic ABP. When we categorized patients as adherent or nonadherent using the cutoff of 80% of the detectable drugs, patients with nonadherence (<80%) tended to have higher office BP and 24-hour systolic ABP than patients with adherence (≥80%). Accordingly, central systolic pressure and augmentation index were higher in nonadherent patients. Similar to other reports, drug class did not appear to have any important impact on the adherence and nonadherence rates in patients with TRH; this result contrasts with findings in mild to moderate hypertension 8, 9 ( Figure 1 ).
To the best of our knowledge, we are the first to have analyzed adherence at baseline and at 6-month follow-up visit after interventional therapy (eg, renal denervation) with detailed informed consent obtained retrospectively from the patient, thereby avoiding the white coat adherence effect. 18, 19 This approach represents a great advantage of our study. After 6 months, complete adherence and nonadherence rates were 66% and 13% (with 1 patient being completely nonadherent), respectively, and thus similar to the findings at baseline. Of the 44 of patients with complete adherence at baseline, 35 remained completely adherent, but 9 were less adherent. This may reflect the patients' (and primary care physicians') perceptions that after renal denervation, fewer antihypertensive agents might be required. Indeed, the number of prescribed medications decreased significantly. Adherence rates did not change significantly between baseline and 6-month visits. Focusing on changes in 24-hour ABP, considered to be the gold standard for assessing the hemodynamic load on the cardiovascular system in hypertensive patients, 10 ,26 the decline in 24-hour systolic (and diastolic) ABP was similar in patients with stable, increased, and decreased adherence ( Figures 5 and 6 ). This observation was noted regardless of the definition of adherence applied to our study cohort. Analysis of the changes in office BP indicated that patients with increased adherence had a greater fall in BP than those with decreased adherence. We cannot rule out the possibility that such a numeric difference in office BP becomes significant with a larger study population; our study population was rather small to have enough statistical power to allow definite conclusions. Nevertheless, our results do not indicate any clinically meaningful effect in face of the corresponding differences in 24-hour ABP between those who have an increase as opposed to those who have a decrease in adherence (3 and 0 mm Hg difference, respectively) ( Figures 5 and 6 ). Our data indicate that adherence has not biased our published data after renal denervation. [20] [21] [22] [23] Future trials need to address the adherence issue thoroughly. Objective measures of adherence may provide a useful step in the management of patients with resistant hypertension. Previously, monitoring of adherence using electronic devices has been found to provide benefits in the management of patients with resistant hypertension. 11 Notably, just the announcement of monitoring adherence resulted in significant improvement of BP. 12 Although this approach can be used as a therapeutic tool, it distorts the true adherence rates in clinical practice. With the design of the current study, we can rule out such a bias because all BP data and urine samples were measured and database locked prior to addressing the objective of the current study. 18, 19 Another advantage of our study is the use of toxicological urine screening as an objective measure to assess adherence rates. Toxicological screening using spot urine samples is noninvasive, reliable, and relatively inexpensive. 14 The applied LC-MS/MS technique has been refined and enabled us to measure antihypertensive drugs or their metabolites for 94.7% of the prescribed antihypertensive drugs. The method was unable to give us reliable results for only 5.3% of the prescribed drugs; however, we have to consider the possibility that we missed antihypertensive drugs with a short half-life because, at each time point, we assessed only 1 urine sample. Nevertheless, because of the very low number of nondetectable drugs and the very high sensitivity and specificity of the method used, we believe that this inaccuracy is negligible and has not altered our results. Several other limitations need to be addressed. We have not evaluated indirect measures of adherence at the same time. Only clinical judgment by our staff and the patients' primary care physicians' have been used to estimate patient adherence (in 13 of 79 patients, we may have missed adherence issues, and in 3 of 13 patients, none of the drugs were taken). It has been described previously that clinical judgment tends to overestimate the rate of nonadherence. Another limitation is that we cannot extrapolate whether similar high adherence rates are evident in a wider hypertensive population or in other health care settings. Our results have been obtained in a single center, a specialized ESH hypertensive excellence university center in Northern Bavaria, Germany, and higher rates of nonadherence have been reported elsewhere. 14, 15 Adherence to medication is a dynamic behavioral pattern, and different rates of adherence can occur within and among patients. Longitudinal assessment of patient adherence (eg, dosing history, refill pattern) has indicated more reliable capture of the dynamics, whereas our toxicological approach to adherence has been performed only twice. 1, 12 Nevertheless, with a time difference of 6 months and despite changes in antihypertensive medication, the adherence pattern overall appeared to be quite stable, without significant changes between the 2 time points.
Conclusion and Perspective
Our data indicate that nonadherence is not as frequent as commonly thought in TRH. By applying an objective, sensitive, and specific method of drug screening, all antihypertensive drugs were detected in %6 of 10 patients, and all but 1 were detected in another 3 of 10 patients with TRH while being on 5 to 6 different antihypertensive drug classes on average. Nevertheless, a substantial portion of patients were found to be nonadherent by not taking ≥2 antihypertensive medications, and nonadherence was related to 24-hour ABP and central systolic BP. For the first time, we analyzed adherence twice, and we observed similar adherence rates at the baseline and 6-month visits. Intriguingly, nonadherence or change in adherence had no substantial impact on 24-hour ABP changes following renal denervation.
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